The reflection coefficient of bulk spin waves from multilayer ferromagnetic structure with periodically modulated parameters of exchange interaction, uniaxial and rhombic magnetic anisotropy and saturation magnetization is calculated with a non-ideal coupling between layers. The strong dependence of spin-wave reflection coefficient on frequency, magnetic field and parameter of interfacial coupling is revealed. It allows changing the reflection intensity from 0 to 1 by changing either only external magnetic field value or frequency. The proposed model of boundary conditions gives the opportunity to take into account the quality of interfaces when studying the reflection processes of spin waves in multilayer structures.
Background
The physics of multilayer structures is a rapidly developing branch of science that promises ample opportunities for applications of such objects, in particular, in microelectronics. Thereupon, characterizing the propagation of spin waves in such structures has generated heightened interest [1] [2] [3] , having led to a new research area of magnetism -magnonics [4] . In published papers [5] [6] [7] , the spectrum of bulk spin waves and reflection of bulk spin waves were investigated with the assumption of ideal exchange boundary conditions between layers of infinite multilayers with uniaxial magnetic structure. The present paper is devoted to studying the reflective characteristics of a multilayer biaxial ferromagnetic media taking into account non-ideal magnetic properties of interfaces between layers, which lead to a "defective" coupling interaction at interfaces. In addition to modulation of the bulk exchange interaction and anisotropy, modulation of the saturation magnetization will be considered.
We use the equation of magnetic moment dynamics is used at the parameterization of spin density to describe the behaviour of spin waves in the considered system. Calculations are carried out at the continuous approach and in the exchange mode.
Results

The basic equations
Consider a system consisting of three parts, whose planes of contact are parallel to the yz plane. The first and third parts (in the direction of x-axis) are homogeneous, biaxial, semi-infinite ferromagnetic media, with an N-layer ferromagnetic structure between them. The modulated parameters are exchange interaction, α, uniaxial, β, and rhombic, ρ, magnetic anisotropy, and saturation magnetization, M 0 . As shown in figure 1 , each layer of the N-layer ferromagnetic structure consists of two layers with thicknesses a and b. Parameters α, β, ρ and M 0 have values α 1 , β 1 , ρ 1 , M 01 and α 2 , β 2 , ρ 2 , M 02 in corresponding layers. The easy axis is parallel to an external homogeneous permanent magnetic field, H 0 , itself parallel to z-axis.
Using the formalism of spin density [8] , the magnetization can be written as where Ψ j 's are quasiclassical wave functions playing the role of a spin density order parameter, r is a radius-vector of the Cartesian coordinate system, t is time, and σ are Pauli matrices.
Change of magnetic parameters along the structure Figure 1 Change of magnetic parameters along the structure. Then, using the linear perturbation theory, it is possible to write down the solution of (2) as where χ j (r, t) is a small function characterizing the deviation of a magnetization from the ground state. Linearizing equation (2) while taking into account equation (4), we obtain the following equation,
Expressing χ*(r, t) from the first of these equations and substituting it into the second, we obtain the following equation for magnetization dynamics:
Performing the Fourier transformations on y and z coordinates and time, t, we can write
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Here, Ω j = ωħ/2μ 0 M 0j , ω is frequency, and
The spin wave reflection amplitude from an N-layer structure can be represented as [9] , where R is an amplitude of reflection from semi-infinite multilayer structure (N = ∞), q is a Bloch wave vector defined by, l = a + b is the structure period, r and τ are the complex amplitudes of reflection and transmission accordingly for a single symmetric (with regard to its center) period.
Since the equations (5) have the form similar to Schrödinger equation, amplitudes of reflection and transmission for a single period can be found using the corresponding method of quantum mechanics.
Boundary conditions
For a material consisting of two homogeneous parts in contact along the yz plane, it is possible to write down the energy density as, where A is the constant describing a coupling along the interface, θ(x) is a step function, and w j 's are defined by (3) . After integrating the equations of movement of magnetic moment in the vicinity of an interface, we obtain the following boundary conditions (indexes ω, k ⊥ are omitted),
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where γ = M 02 /M 01 , and prime means the derivative with x. These boundary conditions will be applied at each interface of the multilayer structure.
Amplitudes of reflection and transmission for a single period
Represent 
where
The reflection amplitude for a multilayer structure consisting of N layers, is defined by expression (8) .
Note that as calculating the reflection amplitude (14) requires extracting the square root of complex expressions, there will be branching points, whenever the following conditions are met,
Discussion
Figures 2, 3 and 4 illustrate dependence of the reflection coefficients |R| 2 and |r| 2 on frequency at fixed value of the magnetic field for three values of A and parameters characteristic of ferrogarnets [10] . The intensity of the reflected wave depends on frequency. Both the forbidden zones, and the periodically repeating points corresponding to full transmission of a wave through the multilayer structure.
Figures 5, 6, 7 and 8 show the field dependence at a fixed frequency. As can seen on these diagrams the process of displacement of characteristic peaks to smaller magnetic field values with reduction of parameter A. Besides, similar dependences allow changing values of reflection coefficients in a wide range by means of change of value of an external magnetic field whereas the material's parameters and frequency are fixed. m. Figure 9 shows dependencies of reflection coefficients |R|2 and |r|2 on parameter A at fixed frequency and fixed external magnetic field. Note that the case A = 0 is equivalent to the absence of an exchange of layers through an interface (this fact leads to full reflection |R|2 = |r|2 = 1 for all frequencies including points of resonance), and A → ∞ corresponds to an ideal (in a coupling sense) boundary. Thus, when A → ∞, we obtain usual coupling boundary conditions [11] . In general, a change in the value of parameter A can be interpreted as change of effective distance between adjacent layers due to what an interlayer exchange or increases (A → ∞) or decreases (A → 0). Parameter A can be estimated as being on the order of A ~ α/d, where d is effective thickness of an interface.
The dependencies obtained for spin wave reflection from a three-layer structure (N = 3) practically coincide with the dependencies corresponding to amplitude R of reflection from a semiinfinite multilayer structure for the adduced material's parameters, therefore only the diagrams corresponding to |R| 2 and |r| 2 ≡ |R 1 | 2 are shown in the figures.
Conclusion
Thus, the reflective ability of multilayer structure not only has strong dependence on frequency and external field, but also is defined in many respects by value of parameter A on boundaries, and it is manifested especially brightly at small values of A. It is necessary to take into account this fact and make the corresponding amendment on an irregularity of an exchange in the interface at development of filters and other devices of spin-wave microelectronics. 
